Bacillus subtilis NRRL 365 produced high extracellular carboxyl esterase activity in submerged culture media containing wheat bran, corn steep liquor, and salts. Supplementation of this medium with glucose reduced esterase activity to 37% of that in the unsupplemented control. Esterase activity was purified by ammonium sulfate fractionation, DEAE-Sephadex A-50 ion-exchange chromatography with sodium chloride gradient elution, and preparative polyacrylamide gel electrophoresis. The resultant purified components, esterases I and II, manifested single bands following silver staining of polyacrylamide gel electrophoresis gels and had final specific activities of 80 and 520 U/mg, respectively. Molecular weights for components I and II were 36,000 and 105,000 to 110,000, respectively. Esterases I and II both had a pH optimum of 8.0, with relative activities of 10 and 85%, respectively, at pH 9.0. Kms with p-nitrophenylacetate were 0.91 mM for esterase I and 0.67 mM for esterase II. In general, patterns of enzyme inhibition were similar for both components. Differences were observed in the relative activities of esterases I and II towards p-nitrophenyl esters of acetate, propionate, and butyrate; Activity ratios for components I and H were 100:94:48 and 100:36:23, respectively. The purified components did not hydrolyze long-chain triglycerides and did not manifest proteolytic activity.
Recent interest in the use of esterases for the development of flavor in foodstuffs and the potential applications of lipases and esterases in enzyme biotransformations to carry out the reverse esterification reaction has generated an impetus to investigate sources and properties of microbial esterases. Animal pregastric esterases from lamb, calf, and kid have been used to enhance flavor formation, particularly in Italian hard cheese, blue cheese, and processed cheese, or to accelerate cheese ripening (9, 20) . Esterases and lipases may be used to promote esterification, interesterification, and transesterification reactions when the amount of water in the reaction is restricted (11, 27) . Pancreatic lipase was found to be stable and catalytically more active at 100°C by replacement of the aqueous medium with alcohol in tributyrin (26, 28) . In addition, the specificities of enzymes can also be modified by manipulation of organic reaction media (3) .
Esterases are distinguished from lipases in that their action is generally restricted to short-chain fatty acids. Carboxyl esterase (EC 3.1.1.1) catalyzes the hydrolysis of a large number of aliphatic and aromatic esters. Although the molecular and catalytic properties of these proteins from mammalian sources have been well studied, only limited investigations have been made into the properties of isolated microbial esterases. Because of the potential food applications and the general economic attractiveness of extracellular rather than intracellular microbial industrial enzymes, we were interested in extracellular esterase production from a Food and Drug Administration-approved source (i.e., a strain that was on the "generally regarded as safe" list) other than Aspergillus niger, the esterases of which are characterized (7) . The purification and properties of two intracellular esterases from Bacillus subtilis have previously been re- ported (4, 6, 21) . In addition, an esterase has been isolated from ruptured spores of B. subtilis (24) , and an extracellular lipase from this organism has also been characterized (8) .
In this study, we identified a B. subtilis strain producing a substantial level of extracellular esterase activity and purified and characterized the enzyme.
MATERIALS AND METHODS
Culture media and conditions. Stock cultures of Bacillus species were maintained on nutrient agar slopes, incubated at 37°C for 48 h, and stored at 4°C for a maximum of 1 month. The basal medium used for enzyme production studies consisted of the following (in grams per liter): K2HPO4, 5; KH2PO4, 1; CaC12, 0.1; KCl, 1; MgCl2, 0.2; MnSO4, 0.001; FeSO4, 0.0005; and yeast extract, 1. This medium was supplemented with carbon and nitrogen sources as indicated in the Results section, and the final pH was adjusted to 6.2. Shake-flask cultures were carried out in 250-ml or 2-liter Erlenmeyer flasks containing 50 or 500 ml of medium, respectively. Culture flasks were incubated at 37°C on an orbital shaker set at 200 rpm. Cell-free supernatants were prepared from culture samples by centrifugation at 10,000 x g for 15 min at 4°C. For determination of intracellular esterase activity, the centrifuged pellet from 50 ml of culture fluid was washed several times until free from extracellular activity with 0.15 M sodium phosphate buffer (pH 7.0) and recentrifuged. Cells were resuspended in 10 ml of the same buffer and sonicated for 4 Relative rates of enzyme hydrolysis with methyl, glyceryl, and aromatic esters of fatty acids were determined by a titrimetric assay. The reaction mixture consisted of 0.5 g of ester, 5 ml of 0.15-mol/liter sodium phosphate buffer, and 1 ml of purified enzyme in 50-ml Erlenmeyer flasks shaken on an orbital incubator at 400 rpm for 60 min at 45°C. The initial pH was adjusted to 8.0 for aliphatic substrates and to 7.0 for aromatic substrates (17 subtilis NRRL 365 produced the highest esterase activity (4.5 U/ml), with three other B. subtilis strains manifesting the production of greater than 1 U/ml. B. subtilis NRRL 365 was used for subsequent cultivation studies and as a source of esterases for enzyme purification and characterization studies. Studies on the effect of medium components on enzyme production indicated that low levels of esterase activity were produced in basal medium supplemented with mono-and disaccharides or glycerol esters (Table 2) , whereas supplementation with a combination of 1 to 6% wheat bran and 0.2% corn steep liquor produced high levels of esterase activity. When medium 12 was supplemented with various concentrations of glucose, decreasing pH values and levels of esterase activity were observed with increasing glucose concentrations. The effect of medium supplementation with 5% glucose on the production of esterase activity in fermentors with the pH controlled at 6.5 is illustrated in Fig. 1 . After 48 h of incubation, the esterase activity in glucose-supplemented medium was only 37% that in the unsupplemented control. The patterns of bacterial growth, spore formation, and esterase present both in the culture supernatant and associated with sonicated cells 3736 MEGHJI ET AL. (fractions 55 to 58), while a gradient of 0.2 to 0.8 M sodium chloride resulted in elution of the major enzyme peak (II) and a minor enzyme peak (III). By preparative electrophoresis of the predominant activity peak (II), two components, esterase I and esterase II, were successfully purified to homogeneity. Both esterases exhibited single bands following silver staining of electrophoresed polyacrylamide gels (Fig. 3) . The overall purification scheme is summarized in Table 3 . Final specific activities of esterases I and II were 80 and 520 U/mg, respectively. The molecular weights of esterases I and II, determined by SDS-PAGE, were 36,000 and 105,000, respectively. Esterase II was separated by SDS-PAGE into two subunits having molecular weights of 57,000 and 48,000. The molecular weight of esterase II, determined by gel filtration with Sephacryl S-200, was 110,000.
The effects of pH on the activities of esterases I and II were investigated. Whereas both enzymes had a pH optimum of 8.0, the relative activities of esterases I and II at pH 9.0 were 10 and 85%, respectively. Studies on the effects of temperature on enzyme stability revealed that esterases I and II had similar half-lives, 53 and 52 min, respectively, at 40°C. At 50°C, esterase II was much more thermolabile than was esterase I. The K5s for the enzymes were determined with p-nitrophenyl acetate ester as the substrate from Lineweaver-Burk plots. Esterases I and II had Kms of 0.91 and 0.67 mM, respectively. The effect of acyl ester chain length on esterase activity towards p-nitrophenyl esters was investigated. Activity was reduced as the number of carbon atoms in the acyl portion was increased. Some differences were observed between the two esterases. For example, the relative activities of esterases I and II towards acetate, propionate, and butyrate were 100:94:48 and 100:36:23, respectively. The comparative physicochemical data related to these investigations are summarized in Table 4 .
Relative activities towards acyl and aryl esters are illustrated in Table 5 . Higher rates of hydrolysis were observed with methyl acetate than with methyl or glyceryl esters of longer-chain fatty acids. Long-chain triglycerides were not hydrolyzed. In general, the patterns of action of esterases I and II towards aromatic esters were similar. Neither purified esterase component exhibited proteolytic activity. The influence of inhibitors on esterase activities is illustrated in Table  6 . In general, the patterns of enzyme inhibition were similar for both components. Mercuric chloride (10-3 mmol/liter) totally inhibited esterase activity. Phenylmethylsulfonyl fluoride was not a significant inhibitor. Neostigmine bromide and iodobenzoic acid manifested inhibition (35 to 56%) of both esterases at a concentration of io-3 m/liter. DISCUSSION Carboxyl esterases which are produced by bacteria and yeasts and which have been reported in the literature are generally intracellular enzymes. In contrast, A. niger and Aspergillus flavus produce extracellular esterases (7, 17) . We have shown that B. subtilis NRRL 365 has the capacity to produce substantial levels of extracellular esterase.
The molecular weights of the extracellular esterases I and II described above (36,000 and 105,000 to 110,000, respectively) are quite different from those observed for intracellular B. subtilis esterases (160,000 and 51,000) (5). The lower mobility of esterase I relative to that of esterase II in the PAGE separation, despite its lower molecular weight, suggested that charge rather than molecular weight differences predominated in this separation. In addition, esterase II separated by SDS-PAGE contained two subunits having molecular weights of 57,000 and 48,000. SDS-PAGE of the intracellular B. subtilis esterase yielded a single band with a molecular weight of 31,000 (6) . Esterases I and II were, in general, similar to other carboxyl esterases with respect to substrate specificity towards both aliphatic and aromatic esters. The patterns of hydrolysis towards short-and medium-chain methyl esters as well as aromatic esters were very similar to those observed with the four purified ester components from A. niger (17) . Esterases from Pseudomonas fluorescens (16), Pseudomonas sp. (4), Bacillus stearothermophilus (12) , and bak- (17) and the esterases of B. stearothermophilus (12) and Pseudomonas cepacia (22) have been reported to have no hydrolytic activity towards olive oil. B. subtilis NRRL 365 esterases differed from P. fluorescens esterase (16) in that the latter enzyme does not hydrolyze triacetin. The esterases from B. subtilis NRRL 365 manifested patterns of inhibition similar to those of the enzymes from bakers' yeast (25) , B. subtilis spores (24) , Pseudomonas sp. (4), and P. cepacia (22, 23) in that all were inhibited by mercuric chloride but differed from the esterases from P. fluorescens (16) , P. cepacia (22) , and bakers' yeast component E3 (19) in that the latter enzymes are inhibited by phenylmethylsulfonyl fluoride.
On the basis of the broad specificity and sensitivity to specific inhibitors, we concluded that the extracellular esterases from B. subtilis NRRL 365 were nonspecific carboxyl esterases (15) .
The Kms for p-nitrophenyl acetate observed with esterases I and II from B. subtilis NRRL 365 (0.91 and 0.67 mM, respectively) were similar to those of carboxyl esterase components Eia and E4 from A. niger (0.82 and 0.71 mM, respectively) (17) . B. stearothermophilus carboxyl esterase (12) had a Km of 0.5 mM with p-nitrophenyl acetate. In contrast, the Km observed with this same substrate for the intracellular B. subtilis esterase was 0.0013 mM (21) . Esterases I and II from B. subtilis NRRL 365 were shown to have a pH optimum of 8.0. pH optima for carboxyl esterases from A. niger, P. fluorescens, P. cepacia, and yeasts all ranged from 7.0 to 8.5. Since many proteases also manifest esterase activity (15, 27) and since B. subtilis is a known producer of neutral and alkaline proteases, it was necessary to confirm that purified esterase I and II from B. subtilis NRRL 365 did not manifest proteolytic activity.
Comparative studies on the potential applications of this enzyme in biotransformations will now be carried out.
